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Abstract
The evolution of ﬂux trap behavior at low temperature (the intermediate state) in high purity Lead samples, both in single crystal
with < 100 > orientation and polycrystalline form, is investigated using ﬁeld cooled (FC) neutron tomography measurements.
Reported measurements are carried out for 0◦ and 90◦ sample axis orientation with respect to the external magnetic ﬁeld. For both
< 100 > Pb single crystal as well as polycrystalline sample development of fringe pattern below T < Tc (at 5K) is observed. This
shows magnetic ﬁeld trapped within the sample. On increasing the temperature to 7.5 K for T > Tc, fringe pattern inside the
sample disappears, indicating that the sample attains a normal state. Further comparison of mosaic spread values for < 100 > Pb
crystal and our previously reported < 110 > Pb crystal indicate the feeble role played by dislocations and / or defects [Phys. Rev.
B 85 184522 (2012)]. Interestingly, not only the ﬁeld cooled superconducting state appears distinct for each sample, dependent
on the crystal structure - single crystal or polycrystalline, but also on the applied magnetic ﬁeld orientation with respect to the
crystallographic sample axis.
c© 2015 The Authors. Published by Elsevier B.V.
Selection and peer-review under responsibility of Paul Scherrer Institut.
Keywords: Theories and models of superconducting state; Magnetic properties including vortex structures and related phenomena; Neutron
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1. Introduction
The complex physics involved in ﬂux trapping phenomenon and Meissner eﬀect in superconductors plays an im-
portant role in understanding of magnetism and its interplay with superconductivity Landau (1938); Bruckel (2012);
Poole (2007); Huebener (2001). Magnetic ﬂux expulsion known as Meissner-Ochsenfeld eﬀect is a macroscopic
quantum eﬀects, which occurs for T < Tc, i. e. in the superconducting state. In this state, for an ideal type I super-
conductor when the sample is cooled down in the presence of an external magnetic ﬁeld Bext, the applied magnetic
ﬁeld is completely expelled from the sample for T < Tc. This behavior is expected to be independent of crystal struc-
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ture and orientation, or if the sample is in poly-crystalline or single crystal form. However, in reality the samples
exhibit much richer phenomena, such as the presence of intermediate state, surface eﬀects, hysteresis behavior etc.
These phenomena, particularly the evolution of intermediate state, in correlation with amount, shape and distribu-
tion of trapped magnetic ﬁelds in type I superconductor are of general and fundamental interest. In literature, most
commonly reported structures in the intermediate state are laminar, bubble, tubular types Provost (1974); Prozorov
(2007); Hoberg (2008); Velez (2008); Goren (1971); Landau (1937); Cebers (2005); Berdiyorov (2009) and recently
viewed suprafroth phase Prozorov (2007). Energetically, competition between short-ranged positive surface energy
and long-ranged magnetic repulsive interactions plays a vital role, favoring a particular stable equilibrium state against
other. Although, most of these structures are energetically quite close to each other and it is possible that system may
stabilize in a metastable state.
Recently, extensive studies on type-I Lead (Pb) superconductor using magneto optical imaging technique have
been reported by Prozorov et. al. Prozorov (2007); Hoberg (2008); Prozorov (2005, 2008); Clem (2013); Jooss
(2002). In single crystal Lead sample, a new phase suprafroth has been observed to evolve as a function of external
perturbations such as, temperature and magnetic ﬁeld Prozorov (2007). In addition, dependence of magnetic hysteresis
behavior on the sample geometry is highlighted. Most of these studies have been reported either on thin ﬁlm (few
microns in size) samples or thin slabs (varying in thickness up to few mm). These studies provide great insights
into the superconducting intermediate states and attempt to resolve the various structures observed as a function
of external perturbations such as temperature and magnetic ﬁeld. Although, it still remains an open question and
rather inconclusive, particularly the evolution of superconducting phases in type I superconductors as a function
of temperature and magnetic ﬁeld, in combination with inﬂuence of sample size. Also, most of the experimental
techniques used are magneto-optical microscopy, magnetization studies or scanning hall probe microscopy. These
technique allow for the probing of surface phenomena, therefore provide rather two-dimensional information.
In the present study, we investigate cylindrical shaped Pb single crystal with < 100 > orientation in combina-
tion with a polycrystalline sample using polarized neutron imaging technique at low temperature. Polarized neutron
tomography technique provides an important and additional contribution in the ﬁeld of superconductivity and mag-
netism to obtain a three-dimensional information about the sample Treimer (2014, 2011, 2012, 2014). We use cylin-
drical shaped Pb single crystal and polycrystalline samples with dimensions as 12 × 30 mm2, which is signiﬁcantly
bigger (nearly three orders of magnitude higher in volume) than most of the Pb samples reported in literature so far.
This provides a better insight into the bulk of the sample and also, the demagnetization factor as deﬁned below is
considerably reduced.
N = 1 − 1(
1 + q.ab
) (1)
where ’a’ is the radius and ’c’ is the height of the cylinder. The critical ﬁeld, Bc at 5K for cylindrical Pb sample
is 41.7mT, without considering the demagnetization factor. With inclusion of demagnetization factor contribution is
reduced to 39.7mT for 0◦, while for 90◦ the value is 21.6mT. Therefore, for both the cases condition Bext = 6.4mT
< Tc(1-N) is well satisﬁed, up to nearly 7K. Our present study on < 100 > crystal shows a clear deviation from
ideal behavior of type - I superconductors, wherein sample shows trapped ﬂux, in addition to expelled magnetic ﬁeld.
Additionally, for < 100 > Pb single crystal observed results are in contrast to the previously investigated < 110 >
single crystal Treimer (2012). Wherein, < 110 > single crystal sample shows an ideal Meissner eﬀect, i.e. no ﬂux
trapping Treimer (2012). It is also evidenced that the superconducting state initialized by ﬁeld cooling (FC) appears
distinct for each sample, depending on the crystal structure - single crystal or poly-crystalline and on the orientation
of the applied ﬁeld with respect to the crystallographic axis of the sample.
2. Theoretical consideration
To visualize magnetic ﬁeld in the bulk of samples, polarized neutron radiography / tomography method is the
perfect probe. Cold neutrons have low velocities, ∼ 103 m/sec  c, and can be considered as classically moving
particles or waves. If the neutron spin interacts with a magnetic ﬁeld B, which is not parallel or anti-parallel to its
direction, it begins to make Larmor precession with the frequency ωL. ωL = γLB, where γL = gμN = −1.832 × 108
rad s−1 T−1 is the gyromagnetic ratio of the neutron, μN = 5.5078 × 10−27 J/T is the nuclear magneton and g = -3.8261
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is Lande´ factor for neutrons,  is the Planck constant. Rotation angle φ of the neutron spin is dependent on the time
t taken by neutrons to pass through magnetic ﬁeld. Transition from the magnetic free space into a magnetic ﬁeld or
from one magnetic ﬁeld into another one with diﬀerent orientation happens suddenly, i.e., ωL  ωB, ωB is the rotation
frequency of B, there is no adiabatic transition of the spin direction with respect to the direction of B. The spin rotation
φ can be calculated as,
φ = ωLt = γLBt =
γL
ν
∫
path
B · ds = γLm
ν
Bs (2)
where ’m’ is the neutron mass, ’s’ path integral in the ﬁeld, and λ is the wavelength. The integration limit for the
trapped ﬂux is deﬁned by sample dimensions and for expelled ﬁeld it is dependent on the amount of magnetic ﬁeld
B. In case of ﬂux trapping, integral can be easily calculated as the path length
∫
path
B · ds using Radon transform of
the magnetic ﬁeld. For comparison, magnetic ﬁeld for a cylindrical coil is calculated, and results are as depicted in
Fig. 1. Calculated fringe patterns for a cylindrical coil using polarized neutrons. B is parallel to z-axis and perpendicular to (x, y) coordinates. (a)
An homogeneously distributed magnetic ﬁeld [2mT and 4mT] inside the coil leads to this fringe pattern, (b) fringe pattern for a trapped magnetic
ﬁeld in a cylindrical Pb sample [2mT and 4mT] squeezed around the rod axis.
Fig. 1. As already mentioned, the number of spin rotations leading to the formation of fringes depends on the path
integral. Results of a spin dependent depolarization patterns, both for homogeneous as well as squeezed magnetic ﬁeld
are shown. In our Pb samples, squeezing of magnetic ﬁeld is observed as the trapped magnetic ﬁeld is concentrated
around the rod axis of a sample Treimer (2012). The observed fringe pattern can occur due to the expulsion or
trapped magnetic ﬁeld. Therefore, using cylindrical shaped coil, one can directly compare the trapped ﬂux with
cylindrical samples. All other observed fringe patterns are due to in-homogeneous magnetic ﬁelds. Thus, a 2D-
radiography with polarized neutrons is a result of path-dependent depolarization of neutron spin due to interaction
with the magnetic ﬁeld in or around the superconducting samples. Consequently, one obtains the detailed information
about the distribution, amount and shape of the magnetic ﬁeld, in and around the sample.
3. Experimental details
Polarized neutron radiography measurements as a function of temperature are performed on cylindrical Pb single
crystal with < 100 > orientation and polycrystalline samples (purity of 99.999%), on an instrument PONTO II (λ =
0.32(1) nm) installed at BER II (Berlin research reactor) of Helmholtz Zentrum Berlin fuer Materialien und Energie
in neutron guide hall at NL1a beam port. The detailed description about the instrument can be found in ref. Treimer
(2014). In the present investigate, wavelength of 0.32(1) nm is used with a graphite monochromator. Using Soller
collimators, for both horizontal and vertical collimation of the beam, 0.1o of divergence is achieved. For beam
polarization and spin analysis bender type polarizer (analyzer) are used providing polarization degree of P = 95%.
Measured neutron ﬂux is around 5 × 106 neutrons·cm−2s−1. Field of view is 40 ×40 mm2 and the obtained 2D spatial
resolution for polarized neutrons is 130 μm. The detector unit comprise a LiZnS screen, Nikon objective and Andor
CCD camera with a pixel array of 2 k × 2 k (each pixel size = 13.6 μm). Experimental procedures, such as monitoring
the neutron ﬂux, measuring time, temperature, magnetic ﬁeld, detector unit, etc. are steered and controlled with
LabView software.
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Cylindrical samples with dimensions of 12 × 30 mm2 have been commercially purchased from Mateck GmbH. All
the neutron radiographs have been corrected for dark ﬁeld and are normalized with ﬂat ﬁeld images. The average
exposure time for each image is around 2 hrs. The sample was placed in an Aluminum sample holder, and could
be rotated to 360◦ (0.005), which is screwed to the cold ﬁnger of a closed cycle refrigerator. To image expelled and
trapped magnetic ﬁeld, ﬁeld cooling (FC) method has been employed. Towards this, ﬁrst the sample is cooled to 7.5K
in one step. While cooling from room temperature homogeneous and constant magnetic ﬁeld of 6.4mT (= Bext) is
applied to the sample, using a pair of Helmholtz coils. To investigate Meissner eﬀect, after waiting time of nearly 1
hour, two hours polarized neutron radiography measurement is performed at T = 7.5K (T > Tc) and then at T = 5K
(T < Tc). After reaching 5K, the external magnetic ﬁeld (Bext = 0) is switched oﬀ, so as to investigate the ﬂux trap
behavior and presence of intermediate state. All the measurements reported here have been carried out for a sample
axis orientation both perpendicular and parallel to the external magnetic ﬁeld (0◦ and 90◦ orientation, respectively)
(as shown in Fig. 2).
Fig. 2. Sample orientation with respect to the B-ﬁeld and incident neutrons; left image: 0◦-orientation, right image: 90◦-orientation of the sample.
The incident neutron spin was always perpendicular to Bext .
4. Results
Within the ﬁrst series of experiments, expulsion of magnetic ﬁeld and ﬂux trapping behavior for high purity cylin-
drical single crystal and polycrystalline Pb samples is investigated. Towards this, the sample could be orientated
parallel and perpendicular with respect to the externally applied magnetic ﬁeld Bext, with Bext always perpendicular
to the neutron ﬂight direction and spin orientation. In the present work, to image expelled and trapped ﬁelds, only FC
method has been employed, as described above in the experimental section. The results towards Meissner eﬀect for
single crystal and polycrystalline Pb samples are displayed in Fig. 3(a) and (b), respectively. All the images displayed
have been corrected for background reduction and are normalized with respect to the ﬂat ﬁeld images. Nearly identical
image patterns are observed for both the samples. Above Tc, there is no such pattern evidenced, in contrast for T < Tc
a pattern arises, which deﬁnitely stems from magnetic ﬁeld of the sample. In the case, when Bext is parallel to the rod
axis (i. e. < 100 > crystal axis) and equals μ0Hext, the internal ﬁeld (Bint) must become zero when T < Tc, assuming an
ideal superconductor Poole (2007). The expulsion of magnetic ﬁeld, for T < Tc, appears similar for both the samples
(single crystal and polycrystalline) as well as for both sample orientations. Asymmetric nature of the pattern could be
attributed to a small overlap of expelled ﬁeld Bexpel and the tail of magnetic stray ﬁeld (< 1mT) from the spin analyzer,
which are perpendicular to each other. However, the pattern disappears at T = 7.5K > Tc, and is evident only for T
= 5K < Tc. This pattern was measured for both the single crystal and the poly-crystalline Pb sample, as well as for
both sample orientations (for 90◦-orientation, please refer Fig. 4(a) and (b), for single crystal and polycrystalline Pb
samples, respectively). Due to the similar sample geometry of both single crystal and poly-crystalline samples, the
results seemed to be very convincing, indicating that the observed pattern stemmed from an expelled ﬁeld for T < Tc.
A more detailed investigation indeed shows a diﬀerence between the poly-crystalline and single crystal sample. To
bring out this diﬀerence more clearly, the possible ﬂux trap behavior has been investigated.
For an ideal system in Meissner-Ochsenfeld state the applied magnetic ﬁeld is completely expelled from a super-
conducting sample below Tc, and this shall be independent of the cooling history. Towards this, after FC the sample,
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(a) (b)
Fig. 3. Meissner eﬀect: FC from 7.5K→ 5K; rod axis parallel to Bext = 6.4mT, 0◦ sample orientation. The nearly identical images of the (a) single
crystal and (b) polycrystalline samples indicate an expelled ﬁeld which only occurs for T < Tc. Dark frame shows the sample geometry. Note the
dark and bright spots outside and left of the sample in T = 5K images.
(a) (b)
Fig. 4. Meissner eﬀect: FC from 7.5K→ 5K; rod axis perpendicular to Bext = 6.4mT (90◦ orientation, identical images for (a) single crystal and
(b) poly-crystal sample.
Bext is switched oﬀ. Any depolarization of the neutron spin must be caused by trapped ﬁeld. Initially, the single crystal
and polycrystalline samples are adjusted for 0◦ sample orientation (Fig.2), so that Bext is parallel to the rod axis. For
0◦ sample orientation (for FC, the applied ﬁeld B is parallel to the rod axis and the demagnetization factor N = 0.042),
ﬂux trapping is observed in the form of evolution of fringe below Tc, as shown in Fig.5(a) and (b). It appears to be
less pronounced for single crystal in comparison to poly-crystalline sample (Fig.5)(a) and (b). In both the samples,
trapped ﬂux appears squeezed around the rod axis, as already observed earlier Treimer (2012). For polycrystalline
sample ((Fig.5(b)), at T = 5K, the magnetic ﬂux escapes the sample (sample shown as dark rectangle), whereas this
does not happen for the single crystal sample. In the case of single crystal, the trapped ﬂux could be calculated ap-
proximately as 4(1)mT, while for polycrystalline sample a value of 4.5(1.0)mT is obtained. Fringe pattern disappear
when the sample is warmed to T = 7.5K > Tc (= 7.19K). The results for 90◦ sample orientation (for FC to 5K, the
applied ﬁeld B is perpendicular to the rod axis) are much more astonishing, as depicted in Fig.6(a) and (b) for single
crystal and polycrystalline Pb samples, respectively. It is important to understand that towards the images in Fig.6(a)
and (b) no external magnetic ﬁeld is present, Bext = 0. Thus any presence of magnetic ﬁeld must stem from the bulk of
the samples. Inside the single crystal sample (black circle indicating the shape of the sample) no trapped ﬁeld exists,
as no pattern is observed. Although, signature for the presence of magnetic stray ﬁelds around the polycrystalline
sample are evidenced, as observed in the form of dark specks and bright fringes in Fig.6(b). The change in pattern
from dark to bright, corresponding to a spin rotation from up (parallel) to down (anti-parallel), requires a B-ﬁeld of
0.7mT for a path length s = 30mm, i.e. for B = 1.4mT one obtains a 2π spin rotation. This suggests that the spin makes
3×2π rotations, corresponding to a Btrapp ∼ 4.2mT, which would agree quite well with the estimation of Btrapp for the
0◦ sample orientation, however taking for granted that trapped magnetic ﬂux is (at T = 5K) independent of sample
orientation with respect to Bext. For the poly-crystalline sample the stray ﬁelds are much more pronounced. Compar-
ing trapped ﬁelds for both the samples it is found that the single crystal sample exhibits much more ”organized” ﬁeld
trapping, in contrast to polycrystalline sample. In all cases the patterns disappear for T > Tc.
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(a) (b)
Fig. 5. Flux trapping: rod axis parallel to Bext(0◦ sample orientation). First FC from 7.5K > Tc → 5K < Tc ; then Bext was switched oﬀ.
Depolarization at 5K and 7.5K yielded similar images for both (a) single crystal and (b) polycrystalline sample. Diameter of the black circle =
12mm.
(a) (b)
Fig. 6. Flux trapping: rod axis perpendicular to Bext(90◦ sample orientation). Observation of ﬂux trapping in (a) single crystal and (b) polycrys-
talline sample at diﬀerent temperature. For T > Tc patterns disappear.
5. Discussion
This partial Meissner eﬀect and the appearance of ﬂux trap in high-purity type-I superconductors seem to depend
on several conditions, such as, if the sample is in single crystal or in polycrystalline form, orientation of a sample with
respect to the direction of an applied magnetic ﬁeld (geometrical barrier), also on the orientation of crystallographic
axis, i.e. alignment of crystallographic axis (for example, < 110 > or < 100 > in our case) with respect to the applied
magnetic ﬁeld. The behavior of high-purity samples can only be attributed to superconductivity, i.e. to a macroscopic
quantum eﬀect, however there is still a discrepancy in regard to the ﬂux trapping considering polycrystalline, single
crystal sample and crystallographic orientation of the rod axis. This diﬀering behavior concerning Meissner eﬀect
and ﬂux trapping cannot singularly be explained by grain boundaries, defects, and / or dislocations as described in
literature, especially in the case of single crystal samples. The mosaic spread of < 110 > (measured 1.76◦) and
< 100 > crystal samples (measured 1.18◦) is quite large, therefore leading to a large number of dislocations and
sub-grain boundaries, which may act as trapping centers in the sample. However, for < 110 > crystal sample, one
could not observe any ﬂux trap behavior in the sample Treimer (2012), in contrast to < 100 > sample. Additionally,
laminar patterns as observed on the surface of much thinner Pb samples Prozorov (2005) could not be observed in
the bulk of any sample. Such magnetic distributions would completely depolarize the neutron beam and yield no
contrast as observed in the present study. Several studies have been reported in literature concerning the intermediate
state, particularly in regard to the size dependence of Pb samples. These studies exhibit that for samples with size
below 0.1μm behaviour close to type II superconductors is observed Tinkham (2004). With increasing sample size,
development of ﬂux patterns is expected to modify. This behavior is attributable to the dominant role played by
geometrical barrier Abreu (2004); Zeldov (1994); Castro (1999), in accompaniment with the demagnetization factor
Poole (2007). Prozorov et. al. show that on disc shaped samples, hysteresis behaviour occurs in the intermediate
state Prozorov (2007). On increasing the magnetic ﬁeld tubular structure is seen, while on reduction laminar structure
is evidenced. In comparison, our polarized neutron measurements shows a development of continuous trapped ﬁeld
leading to position-dependent spin depolarization in the form of fringe pattern, below Tc, for cylindrical shaped sample
(Cylindrical shaped samples can be considered as an extension of disc shaped sample). Further, it is also essential
to point out that direct comparison of magneto-optical imaging and polarized neutron tomography studies is rather
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diﬃcult. Wherein, in our measurements to investigate the ﬂux trapping behaviour external ﬁeld is switched oﬀ, i. e.
we cool down the sample with ﬁeld (Bext = 6.4mT) to 5K, switch oﬀ the ﬁeld and begin to measure. On the other
hand, for magneto-optical studies Bext is always on. As a result, temperature dependent behaviour in our study is
entirely a sample phenomenon. Also, samples under in our investigation are much bigger in size.
6. Conclusion
In the present study, we have investigated high purity (99.999%) Lead type-I superconductor, both in single crystal
with < 100 > orientation and polycrystalline form, using ﬁeld cooled (FC) polarized neutron imaging measurements.
Both the samples exhibit deviation from ideal type - I superconductor. Polarized neutron radiography measurements
reveal signature of ﬂux trapping in < 100 > Pb single crystal sample, as evidenced with the development of fringe
pattern for T < Tc, in addition to expulsion of magnetic ﬁeld for T < Tc. The trapped ﬂux in the sample appears to be
squeezed around the rod axis. On raising the temperature to 7.5 K above Tc, fringe pattern vanishes, indicating that the
sample attains a normal state. Similar behavior has been observed for polycrystalline sample. Further comparison of
mosaic spread value for < 100 > Pb crystal and our previously reported < 110 > Pb crystal Treimer (2012) indicates
the feeble role played by dislocations and / or defects.
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